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Abstract
The realization oforganiclight-emittingtransistors(OLETs) withhighquantum
efﬁciency and fast switching time is crucial for the development of highly
integrated organic optoelectronic systems. In order to reach such a goal,
fabrication of devices with ambipolar transport and high charge mobility values
is needed. At present, organic materials having intrinsically ambipolar transport
arer estricted in number and show poor performance. This limits their use in
efﬁcient and fast switching single layer ambipolar OLETs. In this framework,
we have taken the approach of combining p-type and n-type materials in two
complementary conﬁgurations. The ﬁrst one is based on realizing layered
structures (bi-layer heterojunction) where materials are sequentially deposited.
The second one is based on simultaneously evaporating two materials with
variable composition (bulk heterojunction) to form a mixed ﬁlm. In this
paper, the charge transport and electroluminescence properties of OLETs based
on these heterostructures are presented. A correlation between the active
layer structure and the electrical performances has been obtained by means
of laser scanning confocal microscopy, here employed for morphology and
spectroscopy analysis. Differences between the two approaches are critically
discussed.
(Some ﬁgures in this article are in colour only in the electronic version)
1. Introduction
Organic ﬁeld-effect transistors (OFETs) and organic light-emitting diodes (OLEDs) are
nowadays well established devices with performances comparable to the equivalent inorganic
1 Author to whom any correspondence should be addressed.
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Figure 1. Schematics of OLET devices based on the bi-layer heterojunction (a) and on the bulk
heterojunction (b).
ones [1]. Commercial applications are starting to appear on the market [2]. Recently the
possibility of obtaining light emission together with good transport properties in OFETs has
been also demonstrated [3, 4]. This opens the perspective of fabricating fully integrated devices
(organic light-emitting transistors, OLETs) combining electrical switching and light emission,
with low fabrication costs and high integration potential in organic and hybrid chips.
The ﬁrst OLETs reported in the literature were operated in the unipolar charge conduction
regime, i.e., with only one type of charge carrier (electrons or holes) ﬂowing through the
channel. Radiative recombination is thus conﬁned to a spatial region near the drain metal
electrode where the complementary charge carriers are injected [4]. This represents one of the
main drawbacks of this approach. An alternatives t r a t e g yt oe nhance device performances is
represented by employingambipolar OLETs. In thiscase both electrons and holes ﬂow through
the organic ﬁlm and the excitons are formed by the recombination of the charge carriers within
the transport layer. The main advantage of this approach consists in the fact that the distribution
and the density of the charge carriers may be controlled via the intrinsic electron and hole
mobility and the device operating conditions, namely the gate bias. In this way the exciton
formation process and light emission can be optimized. Examples of OLETs employing a
polymer ﬁlm showing intrinsic ambipolar transport have been reported in the literature [5, 6].
The location of the recombination region far from the device electrodes prevents the excitons
from being quenched due to the interaction with the metallic contacts. However these OLETs
arec haracterized by low mobility values for both charge carriers (≈10−4 cm2 V−1 s−1),
affecting the electrical switching performances and limiting their applications as electronic
devices. Additionally, with concern to the light generation, high mobility values are needed
to reduce exciton quenching due to the interaction with free charges ﬂowing in the transport
region.
At present, charge mobility values comparable with those of amorphous silicon devices
(≈1c m 2 V−1s−1)h a v eb een obtained only with small molecules. However, most of the
molecular systems used in organic electronics show unipolar ﬁeld-effect charge transport.
Examples of intrinsic ambipolar transport are nowadays restricted to a few materials with
limited performances and signiﬁcant sensitivity to the environmental conditions [7–10]. An
alternative to the quest for intrinsic ambipolar transport is given by the two-material approach,
where a p-type material is combined with an n-type material. In this way, it is possible to
combine the best performing single unipolar materials to obtain ambipolar OLETs with good
electrical and switching performance. In the following, we present ambipolar OLETs based on
thec ombinationo ft wo organicm aterials reaching, in the best cases, a balanced transport and
charge mobility of the order of 10−2 cm2 V−1s−1.
Theﬁrst conﬁgurationconsidered isbased onabi-layered structure [11]. Hole andelectron
transport ﬁlms are grown sequentially on the substrate. The interaction between p-type andAmbipolar organic light-emitting transistors S2129
n-type molecules is limited to the interface between the two layers. In the second structure,
p-type and n-type molecules are simultaneously sublimed [12]. The ﬁlm obtained in this way
results in a homogeneous mixture of the two materials. The interface between p-type and n-
type molecules is now extended to a tri-dimensional region. Advantages and drawbacks of the
two approaches are herein discussed.
2. Experimental details
Pentacene, α-quinquethiophene (T5) and N,N -ditridecylperylene-3,4,9,10-tetracarboxylic
diimide (PTCDI-C13H27,P 13) were purchased from Aldrich and employed as received. DH4T
was synthesized as described in [8]. Organic ﬁlms were deposited at a base pressure of
5 × 10−7 mbar. Substrates consisted of heavily doped n2+ silicon with a layer of thermally
grown oxide. The oxide thickness varied from 100 to 300 nm (Cox = 36–12 × 10−9 Fc m −1,
respectively). No surface treatment was carried out on the oxideapart from cleaning procedures
such as sonication in chloroform or isopropanol, acetone and UHP water in order to remove
adventitious organic contamination. OLET devices were fabricated in the top electrode
conﬁguration. The electrodes, 50–70 nm thick, were made of gold deposited at a base pressure
of 2 × 10−4 mbar at a growth rate of 0.5 ˚ As −1 with the sample held at room temperature or
−120 ◦C. Device geometry factors were the following: width (W) = 10000 µma n dl e ngth
(L) = 150–600 µmf o rt h el a y ered heterojunctions, W = 55000 µma n dL = 40 µmf o rt h e
bulk heterojunctions. Mobility and threshold voltage values were evaluated in the saturation
regime via acquisition of locus curves. When not limited by the contact resistance at the
organic/electrode interfaces, they were also calculated in the linear regime from the transfer
curves. The results were essentially indistinguishable.
In layered heterojunctions, the deposition parameters of DH4T, pentacene and P13 were
optimized for each material in a single layer conﬁguration. The substrate temperature (Tsub)
values for ﬁlm growth were: 90 ◦Cf o rDH4T; 25 ◦Cf o rP 13; 50 ◦Cf or pentacene. The growth
rate was ﬁxed for all materials at 0.1–0.2 ˚ As −1 (0.6–1.2n mm i n −1), each layer with a nominal
thickness of 20 nm (as measured by quartz microbalance). The electrical measurements were
carried out in an integrating sphere at a base pressure of 1×10−4 mbar using a photomultiplier
for electroluminescence (EL) measurements.
The bulk heterojunctions were prepared by co-evaporation of T5 and P13 with variable
volume ratios and a total thickness of about 50 nm. The deposition rate was kept constant at
0.1 ˚ As −1 for each material. The different volume ratios were obtained by reducing the ﬂux
of one of the components with a mechanical chopper. The relative concentrations of the two
materials are nominal values; small variations between different depositions can occur. The
electrical measurements were carried out in an Ar glove box (<1 ppm O2,H 2O); the transistor
output and transfer characteristics as well as the photocurrent were measured with an Agilent
4155C semiconductor parameter analyser.
Laser scanning confocal microscopy (LSCM) was performed with a set-up based on
aN ikon Eclipse 2000-E laser scanning confocal microscope working in the backscattering
conﬁguration [13]. Photoluminescence was excited with the 488 nm Ar+ laser line. Sample
imaging was achieved by rastering the laser spot on the sample surface and by detecting,
point-by-point, the sample photoluminescence with two photomultipliers centred in the green
(515 ± 20 nm) and red spectral range (>600 nm), respectively. PL emission for time-resolved
ands teady-state measurements was excited by the second harmonic (400 nm) of a Ti:sapphire
laser delivering 100 fs pulses. The signal was recorded by a Hamamatsu streak camera with
∼2p stime resolution.S2130 RC a p elli et al
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Figure 2. Transfer characteristics of OLET devices based on Pentacene/P13 and P13/Pentacene
bi-layers with the corresponding EL data. The Vds values are reported besides each curve. The
symbols ‘e−’a n d‘ h +’a re used to indicate the prevailing type of charge carriers forming Id for
different biasing conditions.
3. Results and discussion
3.1. Bi-layer heterojunction OLETs
In this conﬁguration, a p-type material ﬁlm is superimposed to a n-type one placed in direct
contact with the dielectric surface (see ﬁgure 1)o rv i c ev e r s a . T h i sa pproach presents the
advantage of enhanced charge transport and mobility values. It is known that in OFETs the
charge transport isc onﬁned to the ﬁrst few layers next to the dielectric [14]. Thus, electron
and hole paths are conﬁned at the interface between the ﬁrst layer and the substrate and at the
interface between the two organic ﬁlms. If the two ﬁlms are continuous, the charge transport
should be uniform in both ﬁlms over all the device channel area and therefore good transport
properties are expected.
Data herein reported refer to devices where the p-type ﬁlm was made of dihexyl-
quaterthiophene (DH4T) or pentacene molecules. For the n-type transport layer we
employed N,N -ditridecylperylene-3,4,9,10-tetracarboxylic diimide, PTCDI-C13H27 (P13)
molecules. Pentacene is the p-type material showing the best mobility in single layer
OFETs (∼1c m 2 V−1s−1)[ 1]w hile DH4T is a good p-type material with mobility above
10−2 cm2 V−1s−1 [8]. On the other hand, P13 is one of the best n-type material in terms of
electronm obility in single layer OFETs (∼0.1c m 2 V−1s−1)[ 11, 15]. In order to explore the
inﬂuence of the bottomlayer on the morphology of the upper layer, and therefore on the quality
of the interface between the two layers, we changed the sequence of sublimationand also the p-
type material. The four conﬁgurations considered in the following are obtained by sequentially
depositingpentacene and P13ﬁlms(Pentacene/P13), P13 andpentacene ﬁlms(P13/Pentacene),
DH4T and P13 ﬁlms (DH4T/P13), P13 and DH4T ﬁlms (P13/DH4T).
In ﬁgure 2 we report the transfer characteristics (drain current, Id,v e r s u sg a t e–
source voltage, Vgs)o fP entacene/P13 and P13/Pentacene devices together with theAmbipolar organic light-emitting transistors S2131
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Figure 3. LSCM images of P13 ﬁlms: (a) in Pentacene/P13 and (b) in P13/Pentacene
heterojunctions.
electroluminescence (EL) data. Thedrain–source voltage(Vds)i ss e tt ooperate inthe saturation
regime. In the graphs we have also indicated the type of carriers (electrons, e−,a n dholes,
h+)i n j ected either from the drain or source electrode, depending on the biasing values. The
asymmetry in the current signal (ﬁgure 2,t op) [11]s hows that Pentacene/P13 devices exhibit
an unbalanced transport with a hole mobility (µp)c o m parable to that of single layer OFETs
(0.2–0.4c m 2 V−1s−1)b ut with an electron mobility (µn)l o w e rb yt w oo r d ers of magnitude
(0.002 cm2 V−1s−1)w ith respect to single layer devices. P13/Pentacene devices show a
balanced transport (ﬁgure 2, bottom) but µn is one order of magnitude lower than the single
layer OFET values (0.015 cm2 V−1s−1)a n dµp almost two orders of magnitude lower than
single layer OFET values (0.012 cm2 V−1s−1). These differences related to the inversion of
the deposition sequence are likely due to differences in growth modality on a surface different
froms ilicon oxide both in morphology and chemical composition.
EL has been revealed only for the P13/Pentacene conﬁguration in coincidence with
electron transport. The EL signal increases with increasing electron current. The same
behaviour was observed in unipolar OLETs [3, 4]. This allows us to conclude that, also in
this case, EL is conﬁned to a region near the drain electrode. This means that the spatial
separation between the electron and the hole transport layers, in spite of the electron–hole
attraction, reduces drastically the probability of exciton formation inside the device channel.
In order to explain these variations, a morphological analysis of the layered structures was
performed. We have employed laser scanning confocal microscopy (LSCM), in which samples
ares canned with a laser and the resulting photoluminescence (PL) collected. The advantage
of using this technique is that the laser excitation penetrates inside the device channel allowing
the observation not only of the outermost but also of buried layers. From the PL images
one can then deduce the morphological characteristics of the various interfaces. Concerning
singlel ayer OTFTs, pentacene is known to grow in a layered manner forming terrace-like
structures on silicon oxide surfaces [16]. On the other hand, P13 molecules form continuous
ﬁlms [12].
LSCM images of Pentacene/P13 and P13/Pentacene combinations are displayed in
ﬁgure 3.T he pentacene PL signal is too low to be collected so, in ﬁgure 3,w er e port only
images of the P13 ﬁlm when grown at the bottom or at the top of the bi-layer structure. It
is evident that, while forming a continuous ﬁlm on the bare silicon substrate, P13 ﬁlms are
discontinuous when deposited on pentacene. The morphology appears to be web-like with
empty holes. We conclude that the lack of ﬁlm continuity is at the origin of the worsening
of electron transport in Pentacene/P13 devices. Although we cannot image pentacene layers
grown on P13 ﬁlms, we infer from the dropping of µp in P13/Pentacene devices that pentacene
ﬁlms are less ordered and/or continuous when grown on P13. These data indicate that theS2132 RC a p elli et al
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material choice in order to form smooth and continuous organic/organic interfaces is not trivial
and that optimum properties are not necessarily obtained by employing the best performing
materials in single layer conﬁgurations.
The importance of growth compatibility between the organic layers in OLETs based on a
bi-layer structure is further conﬁrmed by the results concerning the DH4T/P13 and P13/DH4T
conﬁgurations. In ﬁgure 4 we report the transfer characteristics of DH4T/P13 devices and
the correspondent EL. We can see that the electron and the hole currents are well balanced
(µ ∼ 3 × 10−2 cm2 V−1s−1 for both types of conduction). µp does not vary substantially with
respect to single layer devices, while µn falls by one order of magnitude despite the fact that
P13g rowth is carried out under optimized conditions [11]. EL occurs in correspondence to
holet ransport and increases with increasing current as in the case of Pentacene/P13 devices.
The output characteristics of the P13/DH4T conﬁguration, not reported here, exhibit an
unbalanced transport: electron transporti sm ore pronounced than hole transport as µp drops by
one order of magnitude with respect to the DH4T/P13 device. EL occurs in correspondence to
electron transport and is proportional to the current. We can conclude that in OLETs based on
ab i - layer structure EL is always related to charge transport in the layer directly in contact with
thes ubstrate. When charges are accumulated along the channel device at the interface between
the silicon substrate and the organic ﬁlm, the superposition of bi-layer/drain contact near the
drain top electrode is likely to form an OLED structure. In all the other cases, the spatial
separation between holes and electrons prevents an efﬁcient electron–hole recombination and
light emission.
The good results in terms of charge balancing and carrier mobility obtained in the
DH4T/P13 conﬁguration are related to the fact that the DH4T ﬁlm surface allows favourable
conditions for the P13 growth. This is evidenced from the LSCM analysis of the bi-layer
morphology. In single layer OFETs, DH4T is characterized by a layer-by-layer growth [17]. In
ﬁgures 5(a) and (b), the LSCM images reveal that the morphology of the DH4T ﬁlm grown
on P13 is discontinuous compared to the DH4T ﬁlm grown directly on the dielectric. In
ﬁgures 5(c) and (d), in contrast, the PL images evidence that the P13 ﬁlms are continuous,
independentlyof whether theyare depositedonthedielectric or onDH4T. Withinthe resolution
limits of LSCM, the morphology is also very similar. Thus, P13 can form continuous ﬁlms on
either silicon oxide or DH4T, but DH4T cannot form a continuous ﬁlm on P13. This plausibly
explains the device characteristics reported above. Associated with an interfacial discontinuity
in the organic ﬁlms there is a deterioration in charge transport efﬁciency.Ambipolar organic light-emitting transistors S2133
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Figure 5. LSCM images of DH4T/P13 ((a), (c)) and P13/DH4T ((b), (d)) heterojunctions. PL
collected from DH4T is reported in (a) and (b), and PL from P13 in (c) and (d).
3.2. Bulk heterojunction OLETs
In bulk heterojunction OLETs, p-type molecules and n-type molecules are mixed together via
co-evaporation of the two materials on the same substrate (see ﬁgure 1)[ 12]. Compared to the
bi-layer conﬁguration, this approach presents one main advantage: the electron and hole ﬂows
are interpenetrated in the charge transport region and the interface between the p-type and n-
type materials is much more extended. This augments the probability that electrons and holes
recombine to form excitons. However, a reduction of the charge mobility is to be expected, as
the charge transport layer located next to the dielectric surface lacks continuity and possibly
molecular order compared to single layer OFETs.
The bulk heterojunctions herein presented are composed of N,N -ditridecylperylene
3,4,9,10-tetracarboxylic diimide (P13) for electron conduction and α-quinquethiophene (T5)
for hole conduction. T5 is known as a good hole-transporting material [18]. The two materials
were chosen because the relative positions of their highest occupied (HOMO) and the lowest
unoccupied molecular orbitals (LUMO) allow exciton formation and recombination in the
material with smaller energy gap (P13 in this case). To investigate the inﬂuence of the
relative composition on mobility and EL, OFETs with varying T5:P13 volume ratio have been
investigated. Outputandtransfer characteristicsofadevicewithaT5:P13ratioof1:3areshown
in ﬁgure 6 together with the corresponding EL intensity. Although the output characteristic
shows no indication of ambipolar transport, EL occurs for both Vds polarities. µn is about one
order of magnitude lower than in single layer OFETs [12b].
Figure 7 shows the transfer characteristics with the corresponding EL intensity of a
bulk heterojunction OLET with a volume ratio 1:1. In this case the device exhibits a
pronounced ambipolar behavior in the output and transfer characteristics, as discussed in detail
in [12]. µp is more than one order of magnitude lower with respect to single layer OFETs
(5×10−4 cm2 V−1s−1)a n dµn drops by about one order of magnitude (1×10−3 cm2 V−1s−1).
The EL behaviour, as a functionof Vds in the transfer curves of ﬁgures 6 and 7,i sw h a tw ec ould
expect when excitons are formed inside the channel device, far from the drain contact, by the
direct interaction between p-type and n-type molecules dispersed in the bulk heterojunction.S2134 RC a p elli et al
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Figure 6. Output and transfer characteristics of an OLET device based on a bulk heterojunction
with aT 5/P13 ratio of 1:3 with the correspondent EL data. The Vgs (a) and Vds (b) values are
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The devices with an excess of T5, e.g. T5:P13 ratios of 3:1 and 9:1, show ambipolar transport
but no EL.
µn and µp arep lotted as a function of composition ratio in ﬁgure 8.T h e yboth decrease
exponentially if the relative concentrations of the electron- and the hole-transporting material
are decreased from 100 to 50%. µn decreases in this range by one order of magnitude, whereas
µp decreases by 1.5 orders of magnitude. At lower concentrations, µn seems to level off,
whereas µp is below the detection limit. Electron as well as hole ﬂows, i.e. ambipolar transport,Ambipolar organic light-emitting transistors S2135
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Figure 8. Hole and electron mobility of bulk heterojunction OLETs are plotted versus T5 and P13
percentage.
on the same sample could only be measured for T5:P13 ratios of 1:1 and 3:1. A perfect balance
of µn and µp is extrapolated for a T5:P13 ratio of roughly 3:2, as shown in ﬁgure 8.
To obtain a better understanding of the bulk heterojunction OFET properties, the
morphology of the ﬁlms and the recombination process of the excited states were studied
by means of LSCM and time-resolved PL spectroscopy. Transient PL decay of ﬁlms with
different P13 content is shown in ﬁgure 9.T he PL dynamics of P13 in the bulk heterojunctionS2136 RC a p elli et al
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Figure 9. PL transients of pure P13 and T5 ﬁlms and of bulk heterojunctions with different T5/P13
ratios.
ﬁlms strongly depends on the T5:P13 ratio.T he decay of pure P13 ﬁlms is bi-exponential,
with a ﬁrst decay time τ1 ≈ 350 ps and a tail τ2 ≈ 1.6n s[ 12b]. The dynamics of the P13
emission in the co-evaporated ﬁlms with increasing percentages of T5 becomes extremely fast,
up to τ1 ≈ 20 ps and τ2 ≈ 100 ps.T hese decay times are typical of neat T5 ﬁlms, which are
characterized by H-type aggregation where efﬁcient non-radiative recombination is responsible
for the low PL efﬁciency.
The observed PL dynamics and quenching of the P13 emission can be considered a sign
of exciton dissociation by hole transfer to the material having the lower ionization potential
(T5). An alternative explanation for the observedP 1 3lifetime variation due to energy transfer
from P13 to T5 is to be ruled out because the higher energy gap of T5 with respect to
that of P13 prevents the process from occurring. The quenching process competes with
exciton recombination and hence light emission in bulk heterojunctions. This phenomenon,
predominant at high T5 concentrations, explains why OFETs with an excess of T5 present no
EL emission although the transistor characteristics exhibit clear ambipolar transport.
Further insights into the device working mechanisms can be obtained from morphology
investigations. In ﬁgures 10(a) and (a ), the LSCM micrographs for the red and the green
spectral range of the co-evaporated ﬁlm with a T5:P13 volume ratio of 3:1 are presented. The
morphology of the ﬁlm is rather inhomogeneous, and the bulk heterojunction is dominated
by large T5 clusters ∼1 µmi ns i ze. From the LSCM micrographs, it can be concluded that
T5 and P13 do not mix on a molecular scale in the co-evaporated thin ﬁlms, but form an
interconnected network of micro- and nano-crystalline clusters. In particular the tendency of
T5 to form clusters is in good agreement with the observation of bulk T5 PL spectra in the
co-evaporated ﬁlms rather than the solution spectra [19].
Comparing the LSCM information with the electrical characteristics of the bulk
heterojunction OLETs with varying compositions of T5 and P13 allows some conclusions on
the microscopic structure of the heterojunction and the resulting current percolation. A relative
content of 25% of P13 is sufﬁcient to obtain a continuous path for electrons resulting in a
measurable electron mobility. An equivalent content of T5 is not enough to achieve comparable
hole conduction. This can be explained by the different growth mechanisms of the two
materials. As T5 tends to form clusters, it is very likely that the percolation threshold to create a
continuous pathway for holes is larger than 25%. Inc ontrast, for the highly surface-mobile P13Ambipolar organic light-emitting transistors S2137
(a) (a′)
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Figure 10. LSCM images of a bulk heterojunction with T5/P13 ratios of 3:1. The PL of P13 is
detected in the red spectral range, while the PL of T5 is detected in the green spectral range.
molecules, we conclude that the percolation threshold is lower than 25%. Thus, even diluted
concentrations of P13 lead to continuous pathways for electrons in the bulk heterojunction. As
ar e s u l to ft he cluster formation, it can be concluded that whether charge separation or light
emission is the predominant phenomenon in T5/P13 bulk heterojunction depends critically on
the ratio and dispersion of the two components.
4. Conclusions
In this paper we have demonstrated that OLETs with balanced ambipolar transport can be
fabricated by combining together p-type and n-type materials. Two types of structure have been
proposed: layered andbulkheterojunctions. The bi-layerheterojunctionapproachallowsoneto
obtain electron and hole mobility values above 10−2 cm2 V−1s−1,p r o v i ded that there is growth
compatibility between the two materials. However, electroluminescence results conﬁned next
to the drain metal electrode like in the case of unipolar OLETs. The bulk heterojunction
approach moves the electron–hole recombination region inside the channel and far from the
electrodes. However, the mostbalanced charge transport is obtained with lower mobilityvalues
of the order of 10−3 cm2 V−1s−1.
We believe that the improvements achieved in terms of mobility and charge balance
in ambipolar transport and the good control in charge mobility obtained with organic
heterojunctions provide useful information for the future developments of OLET technology.
The next challenge is to combine the advantages of the two heterojunction approaches. It is
also crucial to select material combinations allowing one to improve the electroluminescence
efﬁciency.
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